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ABSTRACT
= | vy o ‘ | I
- ‘Transmissign electron ene.rgy-loss has been used ‘to determine
, the angular and energy dependenoe of the cmss—sectlon for- K—shell-
jlomzatldn of aAl, and L—shell mmzat.mn of Cr, Fe, and Cu. On the
basis of these expern.nental results it was foumd that simple
hydrogem.c theory predlcts well tle angu.lar dlstrlbutlm of J.nner—“
. shell scattermg and shows a reascnable absolute agreement for a. :
large energy WM In ade.tJ.orn, tal-J.nelastJ.c crbss—sectlans
'for these elexrents were neasured and canparedw:;.th Lenz, Hartree |

Slate.r, and Plasmn theory 'I'he exper:ments showthat a free—

: electron plasn'on model p:eda.cts fa:.rly well the cross—sectlon for

elementssuchasAl.ForCr, Fe,andCuanatam.cxmdelJ.snore

L
R

'appmprlate
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CHAPTER 1

BASIC PRINCIPLES OF EELS AND INTRODUCTION TO THE.PRESENT

0

T

1.1 INTRODUCTION

- ,dlrectlon (scattered) There are b351¢§llYg&tW° typw

STUDY— e

W. Wlth the . flrst papers deallng with coll1s;ons ‘of,Afast*.:

%
partlcles w1th atoms,. which. appeared at the beg1nn1ng of-

thls century, there began a new technlque for studylng Mhef

«
~

structure ~of matter by means of this- process. The processu«

generally represents the 1nteract10n of . partlcles “L} thlsﬁ

. "'ws.Jn

case electrons) w1th atoms, the. latter somet1mes 9alled théiu;

<

target and the phenomenon 1tself scatterlng ' ?hus, d’a'ﬁf

scatterlng process depends \on the characteristlcs of theaag

/. ]

1nc1dent electrons and the atomlc propertles of heh barget

" (here ve use the"words spec1men and’ sample as synohymousgf
. with’ target) ‘The characterlstlcs of the 1nc1dent electrons,n

depend on how fast they are approachlng the scatterlng atom,‘

'generally descrlbed by - probab111t1es of tran51tlon, these*”

probabllltles‘ are,'related o the‘ kind of . atomlc wave7

. . .
[ v

_ i.e. on-the wave vector k »whlle the atom1c propertles are”?"

function 'assumed and consequently to the atomlc potentlaln:¢

. ~
V-

When - the incident electrons 1nteract w1th h ﬁtomzc'ﬁ”

ciy

Oﬂ-

§

3

-

”the 1nc1dent partlcles transfer momentum and in the latter

*

'potentlal the former may ‘be dev1ated from the1r orlg;nal

L)

’scatterlng process- elastic :and,inelaSticl In ‘the. iormen,; ~

transfer momentum and appreclable energy to t e atoms of the,;p



o sample. Thls latter mechanlsm by whlch fast electrons (withp

kinetic energy dreater’ than dbout 10keV) interact’ with a
sample»is'the main concern 1n4the*present thesis.

AL;—;————Jiwa;beam;of~£ast_electrons_impinges—upon_a_sampleT_and
a ‘ .

Jthe .sample is thin enough so that most 'of the “beam  is not

"absorbed it s convenlent to cla551fy the transm1tted

'electrons into three categorles.‘(1)“the unscattered beam,

'(2) the elast1cally ' scattered ‘ beam,f,’and--‘(B) the

inelastically7scattered_beam. These groups are characterized

primarily on the basis of scattering mechanism and how much

energy‘has been lost by the*electrons in paSSing~through thei‘

material . The th1rd group of electrons that are transmltted.f.»

‘ through a thln sample are those that have 1nteractedv,w1th<

the;“l

the~ sample and lost-energytin the

‘process The amount of energy lost depends largely 'on”'the

"materlal belng studled That 1s, the dlstrlbutlon of energy

ar g01ng to use for obtalnlng 1nformatlon about the atomlc

losses is materlal dependent and 1t 1s th1s property that we -

'propertles of:the_sample. The utlllzatlon of the transmltted"A

?energ§ loss-’ diStribUtlon ,Ato'{ determlne chemlcal»', df'

,structural propert1es of a th1n sample is known as’ Electronvl

h‘Energy Loss Spectroscopy (EELS). i

‘1.2 BASIC PRINCIPLES OF EELS

When electrons impinge.’upon"a- sample; a variety of '

processes occur{ The electron may- 1nteract wzth the . -atoﬁic-'

‘nuclel,f.w1th the 1nner orbltal electrons (havlng dlscrete“'

P



energy levels) or with’ electrons in. the outer shells
-(posse51ng a range of energles) " All of these processes
. result in a change 'in the energy of the’ incident electrons

:,whlch can be- measured to' g1ve information concernlngr.the

nature of the target material. When the incident electrons'
interact with the"lnner shell electronsy or with ‘the
‘relatively.fréé outer-shellbeléctrons,'they;may exclte.thesel.
atomic electrons't0~ hlgher _energy 'levels“ or ejectc.them
:completely from the atom (1onlzatlon)t In c&uSing excitation
or‘ ;onlzat1on,' the 1nc1dent electrons ,themselves lOSe-
'energyh Low energy losses are assoc1ated with exc1tat1on of
-plasmons or valence electron trans1tlons whlle h1gher energyl
'llosses are. due " to. the:.exc1tat10n or 1onlzat10n of 1nner.‘
-iorbltal electrons and are characterlst1c ofvgthe.-element
d'be1ng :1onlzed -dt '1s these hlgher energy losses whlch are
".measured for the purpose of elemental analy51s (Isaacson and_
"J‘Johnson 1975 Colllex et al 1976 and Egerton 1979b)
F“Typlcal electron losses‘ 1ncurred durlng these 1onlzatlon_

Tprocesses are in the range 50 2000eV for llght elements._w

"'1 3 INTRODUCTION ’I‘O _THE PRESENT STUDY 1

Cross sectlons ’_for ) 1nelast1c 'rscattering \ofquast
'j electrons by atomS'tareffof- concernfdlnv many branches ioff
iPhy51cs..One such area is electron m1croscopy,‘1n partlcular
7EELS where a. partlal cross sectlon ak(a A) for 1onlzatlon ofu

‘shell k(= K L M etc ) by fast 1nc1dent electrons [thCh

»are thereby scattered through angles <a “and -suffer._energy'



losses between E, and ER+A,‘E; being the onization energy’

of shell k] is required for quantitative miCroénéleié Qf
”light_elements (Joy et al. 1979). Also ‘total" inelastic

cross-sections o0,, (i.e.; the sum of-all pos ible inelastic -

'éollisod cf§55f§ections)vare . required for éstimating. the
local thickness. of‘ a speéimen (Hosoi et.al. f981)._Both
o;(a,A) and:c)n‘can;bé'measured experﬁﬁgntally &siné'a 4thinl
' sample = of known thickness and  co6po$ition or may fbef'
célculated‘ohvtbe basis,bf'an'_afomic ‘model (Chipter I1).

Since these calculations neglect certain factors (such as

solid state effects); ft “is of ihterest ‘to. co _arev,the ‘

theoretical results with experimental data. In thi _thesis,
‘we present such a‘cdmpafison f0r-Aluminum, Chromium '_Irdn,

.

VandfCQpper {Chapter IV).



CHAPTER 11

CALCULATIONS OF INELASTIC CROSS-SECTIONS

’ . : - . 7
2.1 INTRODUCTION ’

Inelastlc ‘cross-sections specify the'prohability'of an
incident electron being inelastically scattered by an. atomic
electron'~of a sample. The probablllty of an atomic . electron
'heing. exc1ted to a certain energy is given. 'bya‘ the -
'Generaliaed“-dscillator Strength | (GOS) " The GOS is
'I-proportlonal to the dlfferentlal cross- sectlon, ‘which is the
main concern in thlS Chapter. Here, we - are g01ng to present

i

the. dlfferent alternatlves_ ﬁor calculatlng ;nelastlc.'
cross- sectlons cnhich._may"be prominent -in rEELS.' In".an;
*v_1nelast1c process; the incident’electrons:lose energy in the
1nteractlon w1th matter. Tth energy loss is attrlbutable to_
'exc1tatlon of atom1o electrons, both 1nner-shell electrons
-and outer shell electrons. The probablllty for. any of thesep;
exc1tatlons to occur 'is glven_ ,By-"the 1 correspond;ng ;
cross—sect;on._ In the followlng'section‘ we“present:'Firstc
'the _general"considerations.‘ for. -calculating h‘inelastic
_ crOSstections;‘_second, the d1fferent atomlc models used tovv
“.calculate._ lnner-Shell' ‘1onlzatlon_ cross—sectlons; | andh'
':ldfinally;”'nek:present,the,d1fferent models nsed‘to calculate.
total¥inelastic_cross?sections (i.e. thefsum_of'all-possible.

‘inelastic-collision cross-sections). ~°~ . -



2.2 GENERAL CONSIDERATIONS
In . calcllating cross-sections, there are three
procedures of different degrees of refinement these are:

fHartree-Fock—SIater Approximation. (Hartree 1928, Fock

.1930;vand Slater 1930) This approximation. consists of
describing the~ many particle problem by an independent‘
partlcle model in whlch each electron 1n turn is ‘consideredl
.fexposed to the field of tHe nucleus and the average field of
the. rema1n1ng electrons. Fock included the' fact 'that the
‘1ncom1ng electron can exchange roles with one of the atomic
‘electrons (exchange).~ Flnally,__ Slater mod1f1ed the
_mathematical method;involved (varlatlonal treatment)

- .Thomas—Fermi Model. Wh&le in  the Hartree method the
‘individoal electron' stlll ‘ekists;c it rdisappearsp in the'
'statlstlcal approach\due to Thomas (1926) and Fermi (1928f
The many electron atom is consréerea as a nucleus surrounded'
~by an=electron gas whlch f 4 af spher1cal~’atmosphere of
1; varlable den51ty The llmltatlons of thlS model are 1nherent;

in the statlstlcal treatment of the electrons, whlch- makes'

’ the_ approach falrly adequate only‘rfor,atoms with a- high

" number of electrons (z%40). ‘There is'a modificationriof the

‘1rac (1930), which takes, exchange of
the electrons into account. .~ = - -0 e T

+

Thomas-Fermi method byx

Mathemat1cal Approx1mat1ons. These approx1matlons are“.
'nbased on analytlcal expre551ons for the atomic’ potentlal ,

“and/for analytlcal express;ons"tor the atomic wave functlons;

-



y : : B
The .methods described previously have been used to
calculate both elastic and inelastic cross-sections, since
both calculations ‘necessarly involve the assumption of an

atomic potentialito calculate the atomic' wave = functions.

These wave functions may also have an analytical form for a
given atomic-potential. | |

A method s{milar- to that nUSed_to calculate elastic'
'cross-sectionspcan be used to‘calculate..cross—sections for
inelaStic _colllsions_fof fast electrons nith7atomsrAHenceﬂ
_the:inelastic scattering nay be treated by regarding“ the
“atom asralstatic center ofﬁforce whlch'gives-to an electron
a potential energy v(r). ThlS potentlal is usually taken as
spherically symmetrical. Furthermore, for suff1c1ently fast
-collisiOns, the - 1nfluence of the 1nc1dent electron“upon fan
atom may be regarded as. a. sudden and weak perturbatlon' that .

is, the first Born approxlmatlon,canube used. According to

Born’s theory (Born"1926), when,ahplane"wave strikes the

" atom each volume-element in the atom sends out a spherical -

’wavelet These wavelets start in phase but possess dlfferent_'

amplltudes dependlng upon the value of the potentlal at -~ the

'volume, element In*'the first Born approxlmat1on, both the =~

'>1nc1dent and scattered electrons are. treated as- plane waves.
lThe? - f1rst" step ‘ towards obtalnlng 1nelast1c°

- ' N
cross sectzons is to calculate the probab111ty of tran51tlon

.

'from-_anp.1n1t1al' (ground) to a f1nal (exc1ted) state; that

;isf_to- calculate'.G (Generallzed Osc1llator Strength).

}

Ideally “this . would ,be done by solv1ng the Schrodinger



‘scattering) for the complete system, i. e.,athe'waveAequation
’ ’ X RN .
Whlch contalns exp11c1ty the acoordlnates ‘of: both the

1nc1dent and atomic electrons. The energy term 1s*the sum of

the’ energy of the atom in its ground state and ,the klnetlc

. 2

energy of the 1nc1dent electron.f Th%‘ solutlons of thlS g

£ - e

.equation are generally’ assumed hto‘-be segarable into a

function 'of’,the'incident‘electron and»anogyer function for
" the atom. | L

‘The energy differential cross—section-for‘a coliision,

in which an 'incident electron of kinetic energyr T‘_is

scattered with a moméntumlchange hﬁﬁh(frf') and energy loss

1E, is glven in the flrst Born approxlmatlon by (Bethe 1930,

1
.

Inokut1 1971)

K ~7”' | 3
dgn max RLCI df (E,K) b (2.1)
E I amaEm = dlin(Ka )] '
: min L ’ -

where ao is the Bohr'radius;'R=me‘/2h’=13.6eV~is:the Ryaherg
_energy. An important ooint‘abont eg. (2.1), discovered byj'h

Bethe (1930), is that’hthe Gos, ‘.df (E'K ) /&E, should ‘be
1ndependent of T if T is suff1c1ently ‘large. In such a case,,
. the _GOS can be computed from 1nternal dynamics of the atom
j.by means of the follow:.ng relation (Inokutl 1971):

df (E K) z > - i .
(E/R)(Ka ) [fu;(rl,.-,rz)§=lexp(iK'r)uo(r1,..,r;)drl,.,drzlz‘

_ -—d_E
wrth f; being the posicion vector of the jthi'atomic
electron,_ uo(r1,.;;r ) and u, (rq,..,r ) the wave functions
: of the atomic electrons in the 1n1t1al and final state. The

total wave ifUﬂCthﬂS of the 1n1t1al and f1na1 state are



Vo=uoexp(ik-¥,) and wn=u5exp0i?'f?[),.tespectivelyh These;hf-
of course, should satisfy'thedschrodinger'eouation:dee'dmayﬁx”\

rewrite eq. . (2 2) 1n a more: convenlent fo:m g1ven by IR

TS

. ‘ " n . . o . o . )
1 59 —z—72m°E 'l 'I (ﬂt Tyinl’ 2o (2.3)
; <€l exp r nl>; - ‘ A
where <n|' |Q> denotes an atomlc matrlx element between the”

exc1ted state n and the ground state._~ Th1s matr1x element

depends. on the’guantum numbers 1nvoﬂved 1n the tran51tlon.'>

 For a S1ngle atom the p0551b1e trans1t10ns between;"

occupied and unoccuphed 51ngle electron states of the atom ‘r'

- l

L trans1t10ns to occupled States belng forbldden by the' Paullﬂn}k

FL T

exclu51on pr1nc1plé.. ”zvz

It should be p01nted out that (2 )“ ;' derlveddif‘

R

assum;ng. a- Coulomblc 1nteractaon, i, e., the potentlal V(r)“

‘may be written ast ":ﬂ," ‘if
V(1) ze® oy T?—.r-]-'ez' LA R

{r Ny ‘ . —T. o L »"_ —~_.~ _‘

: . J=1 J.o i Tl “;

o ) A R Sy -

" Here the. flrst term is. the potent1a1 energy of the elettron

L
_-}‘ -

: :1n the fleld of the nucleus of ° charge Ze. The\second term’ 1s

the potentlal of 1nteract10n due to the Ffa electron at
p051t10n r and an atomlc electron labeled r,.

Since exactvatomlc wave funct;ops,for the”'lnltlal vandij'
ﬁinall.states,ﬂ'uq and un,fare seldom.available, approx1mate
.nethods “have been‘ deueloped to calculate- thesei wave

- functions. These methods haVe given rise to diffetent

:methods for the computatlon of GOS by means of eq (2 2) and

"consequently for the computatlon of 1nelast1c cross sect1ons‘u
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e . DS

... by means of eqg. (2.1). Some of thse methodsrare,ﬁescribed in -

the following sections.,

PR

2 3 INNER SHELL IONIZATION CROSS SECTIONS

By an .inner- shell 1onlzat10n cross sectlon, one', means

Y
.

i

the cross-sectlon for exc1tat10n of electrons from‘an inner:

u .

shell of an: atom to the continuum. D1fferent approaches have

been dedeloped to carry out these calculatlons' some of them

"1 are %ased on’ 51mple hydrogenlc wave. functlons and others .are

vparameter.

‘HfhaSed on more sophlstlcated computatlonal methods to obtain

more accurate atomlc wave functlons. Among these methods_ we
descrlbe those wh1ch may be relevant to EELS |

*

2.3.1 THE HYDROGENIC MODEL . = =

Egerton (1979a) has proposed the “use of a”simple

';hydrogenlc model to compute partlal or total K- and L= shell

cross-sections needed.a V:carry out elemental analysis by
means of.EELS The‘mooel_isA.based von 'previ6us:‘hydrogenic

approxlmatlons _:(Bethe j1930. ,Inokntih.1971)-_which use
Coulomblc type wave functlons. ) | | » | |

-An 1mportant'p01nt-about éoulombic—type wavenfunctions_.'

is the ch01ce of a screenlng parameter. Because ~the chplce

is. cruc1al, ito aLl calculatlons 1nvolv1ng such wave'“

'functions{ wetshall make some comments'about. the sqreening‘ -

U : ! ‘ . . e

The ba51c assumptlon underlylng the use, of screened.

hydrogen llke wave functronsj' descrlbe a many electron



atom is that for a single electron outside a closed shell,
the field due to the nucleus and the other electrOns ~taken
together ~can. be assumed to be- spherlcally symmetr1cal that

is, to behave,as 1/r. Once thlS assumptlon ‘is made, ‘the

effect o; he other electrons is- accomodated by replac1ng

_the nuclear charge Z by anh'approx1mate,,effectlve tcharge

=Z—AZ AZ being ~ a ‘numherlcharacteristic of the_n andil
values of the: electrons in the shell. The actual choice' of'
_ AZ 'would depend -on 1what crlterlon one uses to compare a
phy51cal many electron atom w1th fts 1oeallzed hydrogen1c3
_counterpart In other words, dlfferent atomlc propertles are

‘dlfferently affected by the presence of the other electronS’

and one has to deC1de what property one would use to deflne;;;

AZ, assumlng that the¢total.effect on_thrs_property . can be

'represented fby’fan'apparent'decrease*in the_nuélear'charge;

u'Hav1ng dec1ded on thls parameter, one makes ;another wvital

’ assumptlon. that for a g1ven n and 7 the normalized radial

wave functlons for atoms of d1fferent atomlc Tnumber 2. are

gSlmllar'f;,’l e., they are repllcas of the same functlon on.f'

o

dlfferent scales (scaled wave functlons)
} Assumpt1ons of the hydrpgen1c model;flnladdition tomthed

Vconsfderations made in _tsection 2 2, ‘¢thef hydrogenlcy"

V’calculatlons are based on the follow1ng assumptlons.v

| .(T) Relatlyrstlcpeffectsww1th1n the atom (due to‘_the

hlgh orbltal yelocity of atomlc electrons, on a cla551cale»

vp1cture) are neglected Relat1v1st1c effects due to the hlgh7’"

‘veloc1t§ vo of the 1nc1dent electron can be 1ncorporated tov.
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first order. by avoidlng the approleation: Eo-(1/2)mv5;‘
1nstead the 1nc1dent electron may be characterizedv-hy the
'parameter,T[=(1/2)mov’, mo=electron»rest mass];' |

(2) In'common’wlth}other calculations, of inner*shell‘:

f'crossrsections,"an' atomicimodel is ‘assumed. That is, solid

state effects are 1gnored the~“cross*section forn_a given.
l'atom (1ntegrated over .an energy mange greater than 50 eV) ist
assumed to.be v1ndependent of its phy51cal and chemlcalif'
henvironment-‘ ‘ | |

(3) Exchange effects (wh1ch are’ oosslble.'becauserthe,‘
1nc1dent and atomlc electrons are the same type of partlcle
--and can rnterchange roles) -are neglected | ; |
.(4) The wave functlons used for the 1n1t1al and flnald-g
' State ot115'felectrons .arei.solut1ons-fof‘,the Schrodangerf
‘liequation~ for the hydrogen atqm, scaled to take 1nto account_
the effectlve potentlal of the nucleusryr o

ls)_‘The- screenlng effect of outer shells ls accountedhfl
for (to‘first order) by addlng 'tov'the, nuclear potentlal"“

nenergy a term E‘,' correspOndingl to uad”_approx1mately;
: 7/ ' o »

spherlcal drstrlbutlon of outer, charge; Screenlng ofﬁbthe L

..ﬁjnuclear» f1eld by the second K electron 1s 1ncluded by u51ng
Aan effectlve nuclear charge of Z —Z AZ AZ taken as'-the}
'7value 0. 3125 calculated by Zener (1930) o R

| (6) For L- shell 1onlzatlon, the hydrogen1c model in 1ts

'ba51c form predlcts too large a. cross- sect1on at an. energy:;"

’~cnear the 1on1zatlon edge~ the calculatlons must be mod1f1ed

g ;by-;addlng tan' energy dependence to the GOS ‘to, br1ng thls:,f
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~into agreementl.vith X-ray absorption measurements,  for
example (Egérton‘1981). |
The »generalized osc1llator' strength'- The first step
’towards obtalnlng cross sectlons is to calculate ‘the GOS for

a - tran51tlon whzch absorbs energy E and momentum hK from the

'1nc1dent electron. In the hydrogenlc model the 1n1t1al» di,
flnal _state,'fud 'and u, in- eq (2 2) are scaled Cou omblc
ﬁwave functlons-whlch y1eld an analytlcal form Afor thj GOSn
wh1ch can be evaluated and 1ntegrated over scatterlng anglez"
'vand energy loss by means of a = short ,(<100 llne) computer
‘yliprogram (Egerton 1979) The GOS‘fas.indi?étgd:in:the*§é¢£ibnrt
2.1, is a fundamental property of . he datbm~”aﬁa ”the full‘
.‘momentum transfer dependence of the 1onazatlon cross”sectloan‘

’l"1s 1mp11c1ty contalned 1n 1t. The GOS for a ngen atom can

*

”j'be-frepresented comprehens1vely by a. 3 d1menszonal plot of.dj

'r_df (E K)/dE as a funct1on 'of. ln(Kao)z ,and;,E.. ’_surface'

-~result1n9 ~§er that plot ‘ called the'aBethé,dsurfacefg.

J(Inokutif1§71) As an example, the hydrogenlc GOS for carbonly

S K-shell exc1tat10n is shown as a functlon of E and ln(Kao)"f

o

in ﬁigure~2. . In'thls flgure tWo,}maln featuresv*can’ Be

L obServed' vFirst ’.1nd1v1dual curves show qualltatlvely the"i

N
N

:h_angular dependence 'f K shell scatter1ng, ;f. dlfferenthyh
'lamounts 'f,_energy loss. For an energy loss not much larger;ﬁ?
h'than_p5the. threshold value | Ek,-';theff scatterlng . isfl
--forward peaked (1 e.uls of max1mum 1nten51ty at b 0) whereasf

for large energy loss» (severalyitlme53 gk)o»theglscattered}yj

"electrons f are’ concentrated -around_léniiangle_”glven by |

e

o
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4

Figure 2.1 The Bethe surface for K-shell ionization in |
~carbon, ; C"al'c:i,ilatéd. - from "th_ej-:"}'1ydrbgehi‘c"" model’ --.I:('Eg'erii:jbh' e

_1979a). -
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. | . e
(Kao z=E/R,‘forminga Bethe ridge .which ' represents, hard ~
collisions, thatiris, _those .Wlth' small impact parameter.
Second, the energy dependence of GOS is.'represented -by
cross-sections -through the Bethe surface'at constant K: in

'partlcular, planes corresponding to very smal} XK give the

—optical osc1llator_“strength———whlch—is*proportional—to—the———
photoabsdrptlon cross- sectlon." o

The - energy d1£ferent1a1 cross- section. The number of
lncident electrons scattered as na' result .ofc' K-shell-
,excitation "into angles less than a and energy loss E can be
obtalned by 1ntegratlon of eq. (2 1) over approprlate 11m1ts
.,of 1ntegrat1on' (Kao)m,n and (Kao)dax, which may be obtalned
kfrom 1e scatterlng klnematlcs (conservation of momentum and
f‘energy) mTheT energy dlfferentlal‘cross sect1on, dok(a)/dE
computed from .the hydrogenlc model for var1ous values of a
and .E shows'(see:f1g. 2.2)4anrapprox1mate energy dependence
of the form N T £

: Part1al cross sectlons. ;The partlal , cross sectlons

L e
o (a, A) wh1ch spec1fy the probablllty of K- shell scatterlng

.‘|

'5a_through angles up to a and w1th energy - losses ~covering a’

ffrange A.above.Ek (the b1nd1ng energy) is glven by

v E +A do (a) o ;[ ”', o (2.6)-'
(a £y=Js5 :ﬁ£§ B T

~For . numerlcal 1ntegrat10n of thlS equat1on, use -was made’ of

:.fthe approx1mate power law dependence, eq (2,5), ‘to ~reduce‘

- B . . .
: . . ‘ B D [ ! ; “e 4
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Flgure 2 2 The K- shell energy loss spectrum of carbon for 80 -
’.keV 1nc1dent electrons and varlous collectlon §9m1 angle @

’(Egerton 1979)
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the’ number ‘of‘ steps requ1red s belng calculated for each

energy 1ncrement In Chapter IV we presente some-:hydrogen1c

, calculatlons for selected elements for comparison with

! .

gexperlmental results.i

Ihtegral and Total 'cross;sectiOns. For large Av the
.”partlal cross section, ak(a A)- becomes equal to the 1ntegrals
cross- sectlon ok(a) for K- shell scatter:ng into angles up tf'd
ia and any energy loss above the threshold Ey. - ak(a) can -be:

n
’

.evaluated numerlcally as:'

, E‘ ds (a) ’ =
o) = f 'EEE‘ dE. R _.'(2'7)

K

,where Ez 1s chosen such that contrlbutlons to the 1ntegral."

.from hlgher energy losses can be neglected In the -l1m1t1ngv
T.;case “?”?' eq“f (2, 7) glves the total -cross sectlon fora
I‘K shell scatterlng ,-Agaih,f..;;d _ calculate; ‘ L-shell
"cross sectlons, a modlfled hydrogenlc model can be used |

-y

"z 3. 2 HARTREE- SLATER MODEL’

"Af nonrelat1v1st1c‘ Hartree Slater centralafield-model, h

__was used by Leapman, Rez, and Mayers (1980) fg calculate{

B 3cr0s5fsect;ons.for 1onlzat10n of atomlc K-, L- and M-shells

h'by.fastVelectrons;7The Hahthée*SIéteF'(Hs) itermlnolog'y was
v'ffirst used by Manson (1972) to 1nd1cate,the use of Hartreed“
wave functlons w1th the Slater approxlmatlon ;for exchange.
diManson. Calso p01nted : outf, that vthe}hfmorejsgusualﬂ.
ti,HaPtPee—Fock Slaten termanIOgy-.lncorrectly:'suggestst‘ and

1mprovement on the Fock exchange._ S
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In the central fleld approx1mat10n, the rad1a1 part of

_the s;ngle partlcle orb1tal ’satlsfles :‘the c Schrodlnger

equation ‘
‘ - 5242 QAN ioioy
—pidin CHUOE SO (278)—
Here ¢ - is the' singlebparticle 'energy eigenvalue. ”An

1nterest1ng p01nt about thlS equatlon is that the - potential_"
‘_V(r) seen by "an electron 1n the orbltal (nl) depends‘on the"
orbltal ‘To solve this equatlon, Hartree. (1928) suggeSted‘
B the" follow1ng procedu;e;‘ By assoc1at1ng a cnarge den51tyr
p(r)——4weR:4(r) with each electron,:*we could construct
ttentative 'potentlal from the total charge dlstrlbutlon due
tito the electrons and the 'nucleus. .Solq;ng ’eqt' (2.8), we
fcould obtaln solutlons F “,(r) nhich.'nowtdetermine'a he;}“

"npotentlal ThlS procedurefls contlnued until the. flnal wave

*ffunctlon 1s self con51stent to a hlgh order of accurancy

Assumpt1ons off~ the Hartree Slater Model \_'The;~'

calculatlons, carrled out by Leapman,.Rez and MayerSv(1980)

are based on prev1ous calculatlon done by Manson (1972) df;
“McGu1re;;(1971) ake ‘use of the general con51deratlons‘
1hentioned ‘ sectlon 2.2f 'If“faddltlon,”'thé f followlng“lh

‘assuptlons age made. _

_ (1) Relatlvzstlc effects withln the atom are neglected'”
nRelat1v1st1c effectsv due to the hlgh 'veloc1ty v of the::
inéident' electron “are accounted by u51ng . Eo—(1/2)mov’;

1nstead of the most general express1on E= mc’-moc2 ,



g
(2) An atomicL‘model is assumed._Consequently;.SOIid
‘state’effects are neglected.

o

(3)._Exchange between the scattered electrbnrand the

f‘unaltered

—ejected atomicrelectron_rs_not““taken*‘untO“—account“*_s1nce—-—

~this effect is negllglble except for very. hlgh energy losses
5
‘and scatterfng angles. N
o (4) The’blnltlal and .flnal states' 'f the atom are o
.expressed as’ products of one electron wave functlons for:va.“.
1,centralv_atom;c potentlal Thus,. wave functlons,doﬁ 'the
electrons notadlrectly Knvolved"in. the~.transition ‘remainv‘,
.(5) The 1n1t1al staée\ls a one electron Herman Sklllman
”wave‘“funCtlon, - SOlUthﬂ of the Schrodlnger equatlon w1th

R

the self- cons1stent atom1c potentlal N o
ivs'e?f<r>=(z'/r.),[1—‘(1+z Dexp(-22 /D)1 - t2a8)n
1l 77 L 7o oo _

1where Zo is the effectlve screened nuclear charge for a ,15'
electron.i The f1na1 states are found by solv1ng the . radlal
7Schrod1nger equatlon, eq (2 8) Cwith the same central fleld
: “ v

o for - the contlnuum energles. The outer states are normallzed

. by matchlng Coulomb wave functlons at large radlus. 'flgmh‘.],ﬁ
| Thel general1zed osc111ator strength The GOS needed to 3

‘“calculate the cross sectlons 15 calculated by computlng he':

'*'matrlx elements in the follow1ng equat1on [cf (2 3)] N
= Wf«‘“‘ e D) ST

RS

Here,lnfandtlgrefer'to the'initial“and final_state‘prlncipal’n
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~and angular momentum quantum numbers, resp6ctively, € and‘l’
refer to the f1nal state w1th contlnuum energy ¢ and angular
',momentum ]’. The energy loss E 1s related to ¢ by E e— En,,

where E,, is the b1nd1ng energy of the initial state. Thf

cOmputation of the matrix elements in eq7 (2 ’10) is carri //
” out followingh ManSoh"(TQ?Z) | who expanded the operator
exp(lK ) in terms of spher1cal Bessel funct1ons wh1ch leave
a radlal 1ntegral to be evaluated numerlcally. The ‘total- GOS
*is' obtarned_ from~ eq. (2. 10) by--summ;ng ‘over .the final,
angular‘momentunﬁjfywhioh is determined' by the number ofhd
F‘partial'. wavesj'.thatt ls, the number ofn?termshgin‘:the:
j superposition of‘onefelectron_ wave funct1ons frequlred“'to
‘desoribe'-theflfinal‘ state. This' number wasueStimatedjas;

follows: The ' continuum - wave functlon Aseesb an effective

potential in eq. (2.8) »,_.,”';.""f f}";‘.»-_h*'_ S
Vere V) * T o

‘f_ForF large l?;; this. 15 domlnated by the second term ftheh_'
_-Centﬁlfugal potentlal If the contlnuum energy is less thahyi
th centrlfugal potentla7 overlap between the 1n1t1al andf'h
’j}contlnuum states 1s small and therefore these values f‘;ff'ff
~fw1ll ‘contrlbute llttle to- the GOS »It was assumed that most.f
of the 1n1t1al state 1s contalned w1th1n a dlstance ao _(the:
T Bohr radlus) -where the} centrlfugal potentlal 1s ‘less or
-approx1mately equal to e, that 1s, [7 (I +1lh’/2moao]<e.'vor’f
‘—1000eV ‘ typlcally vTO partlal waves were requ1red to

gﬁdescr1be the contlnuum wave functlon. As an example of thlS~
' BN o L TP S
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calculatlon, 1n flgure 2.3a is. shown the GOS for transition
into the contlnuum from the’ 2p subshell in Slllcon.i
;The ‘d1f£erent1al ' cross-sectron.~~ The differential

cross-= sectlon,; written"in terms of the scattering angle,

jylelds a double dlfferentlal cross- sect1on which gives the
energy dlfferentlal cross-sect1on_per unlt.sol1d angle 9}
(1 (B9 g2 LA e (2012)

e _ _—
o dEdQ Lo mov ‘E. 6‘+67' dE

'u_‘where h’K’/2m0E0-9’+6’ and b -E/ZEO. ‘The former relatlon is

( obtalned from conservat1on of momentum and energy in the_.
jscatterlng process for E<E°'and 9<n. 'E 1s the energy lost by.
. ™
'fthe 1nc1dent electron w1th energy Eo and 6 is- the scatterlng'

Qiangle. S
| jf The differential cross-sectlon derlved from=the1GOS by -
i :integrationrofheg (2. 12) up to momentum transfer deflned byfﬁ
'-hdlfferent angular apertures glves rlse_wto,ian energy loss

; espectrum whlch Amay be' used to ‘obtaln partlal or total

cross- sectlons. The energy loss spectrum was computed w1th1nf

kthls Amodel up toc some hundreds of" eV above threshold for

C e -

zvselected elements. Some | of these results are’ shown 1n flgure'

2.3p.

f-z 4 TOTAL-INELASTIC CROSS SECTIONS

The-’ total cross sectlon for 1ne1ast1c scatterlng o,n:is'
o ‘

sdeflned as the( sum of all p0551b1e '1nelast1c colllslons'

which may result from dlfferent processes. These processes.

'arefgenerally tran51t10ns .oz__ground.‘to eXC1ted states;_i

.‘G?
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‘ F1gure 2 3 (a) GOS for tran51t1on 1nto the contlnuum from 2p
subshell in Sll1con. (b) ng edges for 10mrad " ollect1on~:_v

angle for elements in the thlrd perlod (Leapman et al 1980)
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including discret and continuum, In this section we present

the different atomic models to calculate o,,.

2.4.1 LENZ THEORY

-

—Lenz—(1954) ‘has—disoussed—the%inelastic—scattering—off——
medium—energy eleorrons byvatoms at very smell angles"(JO"Ai

to. 1Q‘° “radian). By medium euergy is'meaht‘a ramge.around
100keV, such rﬁat_relativistic effects are,.not “severe _énd
~ the. firsr Born approximation ~can be used,'Lemz}beses”his'd
mrheory“on'a simpfe°model of'thehatom; mamely rhat’°dUe,ﬁrod
deentzel (1927) Wenteel express ‘the potentlal V(r) at radlus
r of the screened Coulomb fleld of an atom as. .

: L 2.13)
~ V(r)=(Ze/r)exp(-r/R) (' ,?

_where R is‘related‘to‘the'mean square radius"of 'the ‘atom ’

<r?> and to a parameter o, deffned by Lenz in terms of the'..

iradlal dlstrlbutlon functlon ﬁor the electron cloud ,around"

‘the'atom, by

! ‘ R:((r'2>/6) 1/ 2=(®/6Z)112 ) : ’ ' . (2. 14) .

‘In addition, zL’énz'-uses ‘a ‘modification of the “elastic

o scatterlng theory due to Morse (1932) ﬁrom:whichrthe “total

1nelast1c cross- sectlon 1s glven by-.'-> ' |
. , oin-(zA /ﬂab)-é fﬁ% ddj A

.where " S(q) i' the 1ncoherent scatterlng factor and'q is a

/

ty

‘_parameter deflned by



. , | BT
| ‘~'q= -—-[92 + 3/ (4eV)’ STRCI (2.16)

Here J 1s the flrst 1onlzatlon energy of ‘the atom, V and k
are the acceleratlng potentlal and ‘wavelength -of: the 3

__incident__electron, respectlyely+_ﬂand Q_1s_the_scatterLng____“;_

angle{ To deflne S(q) Lenz uses the- Raman-Compton'-formula
S(q)=2-F?*/Z, where F is the x-ray scatterlng factor. U51ng a
- screened Coulomb modelv[l e.,.eq (2. 13)] for F 1ntegratlon

. ofy eq. (2 15) over all q one obtalns the total cross- sectlon

~ _ . 2.
o, =(\%*0%/3ma ) ln(ﬁ,z/fl@)=(2->\2 RZZ/Tra ) ln<l/c“1 R?) (2.17)
in S0 ~ : . o L

¥
- /

In‘ 'fact;. this aekpression.fresuits-;from a snall angle
. aporoxination, that' is,‘ the ‘derivationu:has”;,maae. the
»japprokimation. (q’9/62¥£1 where g= mOXJ/4nh" ‘Lenz indicates_x
‘that - this approxlmatlon affects only - the 'angular‘-A
1d15tr1butlon 8<10‘5 at 50 to 100keV ]
It is’ 1mportant to p01nt out that the accuracy of - this .
1equat10n dependS'vlargely 'on the atomlc propertles of the
ffsample, wthh are present through R and J. To estlmate R, 1tA"'
is necessary htol con51der partlcular theorles of the atom,
and Lenz. produces, u51ng the Thomas -Fermi modelq ua general
,Gyaluer_,R=aQZf1{3'j Furthermore,»l;Lenz_:uses.'the :Hartree~'h
seif?consistent» field ‘to revaluate' i{r’a for‘ C and Cr
‘ producingl ua;ues Toﬁ' 4, 64%’--and 5. ‘60.115?'2 respectlvely And.
. from LeiSegang5s.(1§52) exper1mental results _fcf_ Au,' Lenz
finds,h?sr=>=é.4A’5 Haine and Agar (1959) have assumed. fron:'

‘the near constancy ofrthe.three values of Z<r2> g1ven by. -
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Lenz, that Z<r?®> is a constant for all Z and of value about -
5&?; this assumption corresponds.to R=( (V3)aoZ '/2. Lately,'

- Langmore et al. (1973) based on Hartree Slater ‘calculations
. have proposed la value of R= (0 9)a02“’“. In addition, one.

: may deflne R 1n terms of the electron scatter1ng factor ‘for

zero scatterlng angle_ £(0), 'whlch is related to\the meanw'
square radius of ‘the. atom by f(O) Z<r’>/3ao. Thus, comb1n1ng
r:thls relatlon and eq. (2 14) one obtalns the expre551on

S (2.18)
R2= aof(O?/ZZ .

.

Using this expression for R and»taking the-mean excitationh

eriergy of- the atom I in the place of the' first. ionization._'

energy J-(used by Lenz)f one expects more real1st1c resultsjj
lu51nce £(0) and I have been calculated (Doyle'»and Turnerﬂ
‘,1968 Berger and Seltzer 1982 and-Turner.ef_aff'1979).u5ing"
.accurate wave functlons for the atom.v_ o o
157 order to compare »our' experlmental results with
ypredlcted 1nelast1c cross sectlons based on: dlfferent atomlc
L models (1 e., dlfferent :values of the effectlve radlus of'

~ the atom) we have done calculatlons,,for dlfferent ‘atoms,'“

’

using’ 'e‘ (2 17) and 'the dlfferent expreSSiOns 'for_ R

. mentloned above. The values for J and I were taken from ‘the ielt

l1terature (Wast and Melv1n 1981, Berger and Seltzer 1982) )
"ve}assumed an energy of‘dokev-for the 1nc1dent electrons.
hThe'-resultsd of. these dalculatlons. wlll 'be presented in
»Chapter IV for comparlson w1th the experlmental results.-'Inv

flgure 2 4 we compare the Lenz theory w1th other models of
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the aton1(seedbelow).

2.4.21“TOTAL-fNELASTIC __CcROSS- SECTIONS __BASED ON  THE .

HARTREE SLATER }40DEL

vInokutl et al. (1975, 1931)3ha5e reported“vaiUes of two

- parameters .1nvolved in the evaluation'offthe cross-section -

for inelastic scatterlng of faét electrons by-_atoms.VrTheif,dt

‘;calculatlons' are based on a 51ngle electron approxlmatlon',.v

'u51ng Hartree-Slater independent—electron wave,funct1ons.’1n -

’addltlon the first Born approxlmatlon/ls used.

When-one 1ntegrates eq. (2 ) over adl p0551ble ‘balues‘t_'

of‘ mbmentUm transfetd hK 'fof" a gzven exc1tat10n energy E.

._correspondlng to‘_the state . n,_vbne obtalns‘ é;, Compactt

. ,‘ . . . . "": " - E

- expre551on called the Bethe cross sectlon e
| : 2 ) .‘: ’2_ 2 2 (‘2.1‘_9_)>
. qf}ﬂ_évab(g/'r)'{lfin(' ln[B, /1—3 ]-B)+Cn} , o

"

This 'ekpreSSion ~isrﬂactually the“‘resnlt 1ncorpo*at1ng_ o

elathlstlc effects,'where p= v/c, ao,v R, and T deflned_fj‘

'ul;in;,sectlon- 2 3,' The vtwoﬁ parameters M2 and Ch ‘are atomlc_f'

. propertles derlved from the GOS In partlcular,i’M}, is" the.

den51ty of the d1pole matrlx element and 1s g1ven by

L _<_R/E>‘3f*

C, being related toMi by . . - v o
. c=M[Inc_ +11.2268 ] .
R - YN - Ry - S A
N . o B

(2 20 ) o

(22
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Any sum of 0, over different n.'yalueS‘ has the;‘Same

}analytlcal dependence »Qh ‘Ti and is characterlzed by tworvv‘

'wparameters, Mg'and Che In part1cu1ar, ;the total 1nelast1c_»‘~

cross- sectlon, i.e., the sum of an‘over all n (dlscrete and -

;;contlnuum energles)rmmayﬂhe_uratten;as_LLnokuthgtwa,, ‘
g ' (2.22)
'.din-_‘ATraj(R/T) mz (ln[B /1-8 ] s )+ C, 4 b

%o
“aheré' the} total dipole natrixf;eiementr'squares M§3;1fis_
| obtained " by summlng eq (2 20) over all n, that

K3

M.o.-z Mn.:The second quantzty 1n the total cross sectlon 1sj

uCto‘—Mzo‘[ln(c,o,)+11 2269] Accordlng to the general theory*"7

'(Inokutl et al 1967) it may ‘be evaluated by means_'ofﬁfthe L

‘ralatlon 'M‘o‘lr(c:ox)--ZL(-1)+1, I, -whgrg, :L(‘T)dfis Gy
_quantlty defﬁned by l:,fh *’ hpp’ Th/u n.‘ o IR

wene s (R/E) mEm e (223

'hand the quantltles I1.and Iz are 1ntegrals -conta1n1ng the -

31ncoherent scatterlng functlon S.“(K) whlch 1s ‘an 1nternal-yf

state property These\quantltles are glven by

: w" : _ﬂ.. p:p _d:-j(2024)ﬁhhh':

' -1-,1-= I 28, (x) (Ka ) "a(xa )2 o

e

:yq -lhh[éte, ZSi (K) o e ‘i i:.‘f: L e
ﬂ IZ:g -[,Mt A W ](Ka ) 2d(Ka )2 (2'25) e

f{Thus,: ln(c‘o') ;can;-.be.g’oomputed*ffrom7;tnof 1tems of
1nformatron," nameerf;,the optlcal 'fosc1llator strength;;

hdlstrlbutzon df/dE and the wave functlon of the 1n1t1alﬂu

;state (most commonly the ground state)



~
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 Using the values of tﬁthe parameters, M%o; ‘and

M{éyln(c‘o‘),_‘for dlfferent elements (Inokutl et al .1975}

.ﬂ1985)‘we.ﬂhave‘ evaluated ‘eq. (2 22) 80keV 1ncidenti.
Lelectrons..fThef results hare preSented i Chapter 1V for”

comparlson wlth the experlmental results. In flgure 2 4 _we,'r

“28

~yjcompare the Lenz theory w1th the Hartree Slater model

7*]2 4, 3 FREE ELECTRON THEORY

It 1s known from the work of Bohm and Pines (1953) that»
'-electrons 1n La_ SOlld can undergo collect1ve_ﬂor plasman}l_e

osc1llat10ns "of.y falrly deflned frequency | Forviha.

;-free electron plasma the frequency 1s glven by B
8 wp‘ (n ez/ms )1,2i‘ Ay ,('2' 2.5‘,),

¢-wherehh 15 the free electron denszty 1n the plasma andiymﬁ

- _and'fe’_the electron mass and charge respectlvely If fastf""gﬁ-

N
—‘\ —

'"jlnc1dent electrons of energy Eo traverse a sample, they -are»

fylable_fto,‘exc1te. quanta *of, these osc1llatlons,¢ known as"ﬁfﬁl'

:f'plasmons, of energy

”f_In thlS scatterlng process the momentum and energy must befabﬁf
R ﬂconserved o Thls;<conservatxon yleldsyga ] equatlon‘ Wthh

ffyrelates the momentum transfer hK to the scatterlng angle'ﬂesf

' of the 1nc1dent electrons wath momentum'hk as follows,ﬂjf

,3fK_h_Kﬁh4-K;fﬂ{_5f'

A

‘it*;iw:_]';3j__;t o e2eEn

(2. zs)_,[;
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' 'Here Ry =ké and . —kGE, where eE-s /2Eo is the. hal‘f-width
of the angular d15tr1button of these scattered electrons.
Typical values of tbelplasmon energy Epi l1e in the' range’

:10 30ev

The_dlfferentlal 1nverse mean free path ' for electrons o

' which suffer a loss E has been calculated as a functzon of

_ the scatterlng angle 6 (Ferrell 1956)

Caans. dee. L, % o (229

=—p’'= =3 67
a P d.Q' 27a f‘eé * iR

'Ekb‘is‘ thez mean ”free path ‘for "plasmon excitation,‘ its

~,rec1procal value 1s n ap, n. be1ng the electron concentratlon

j‘pervvunlt volumev and .dp’ the - cross sectlon per atom

T_Integratlon ‘of eq (2. 29) glves the 1ntegral cross sectlon %)'d_

_ for plasmon scatterlng through any- angle up to 6¢ _
R T U (2.30)
__:O-‘p:'('-E/,naO) lnv(e.cA/BE),“.‘,,. o
g;Taking calculated5Values ofnldc =kc /k c.?=criticallfane-
~fuvector and k wave vector “of ftbe 1nc1dent electron) for
"dlfferent elements at Eo 80keV the dependence of % on ‘the"
b‘atomlc number ’Z accordlng to eq._(2 30) 1s glven in f1gure'-,

2.4, For comparlson we 1nclude data based on ¢the- Lenz 'and51

"aHartree.Slater_models, eqs. (2 17) and (2 22) respectlvely

4

Sy
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?Slater and Plasan model
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CHAPTER 111

EXPERIMENTAL DETERMINATION OF INELASTIC CROSS-SECTIONS

3. 1 INTRODUCTION

In the Conventlonal Transmission‘ Electron Microscope
(CTEM) the 'spectral energy distribution in the.transmitted :
| beam,'which'results'fromhthe interaction‘betweenﬁthe»primary
"electron beam Of.energy'Eo andithe‘specimenf contains“nseful,f‘
information concerning the,physical andichemical properties
of <‘the ksample.- The' analys1s of .the ‘energy of these
transm1tted electrons is 1n essence.a k1nd of.-spectroscopy
'ycalled Electron Energy Loss Spectroscopy (EELS) . "

“ in order to carry 1out’ anf energy loss experiment'hto‘”
measure 1ne1ast1c cross sect1ons we regu1re (1) a source.of:
‘felectrons, (2) a su1table 'sample 'of' the materlal to» be
"studied . and (3) a dev1ce (spectrometer) for analy21ng the
‘nenergy of the‘ transmltted electrons. ‘Inw general these:
7components can take a varlety of d1fferent forms, but we are‘

| ma1nly 1nterested in an experlmental arrangement ‘whlch is:m
hcompatlble 'WIth the operatlon of a CTEM In'thisICase;'the -
“the 'microscopekfandf

1
1
I
\

:source of electrons w1ll be the gun of
thé 1nc1dent electrons' will . be assumed o'_haye afnell'
ydeflned energy Eo '(say BOkEV).,‘Because lwe»,are‘yusing‘ ah
_mlcroscope, the 1nc1dent beam; w1ll be% capable of being
.focussed on. to a spec1men area whose size, and p051t10n can
'be; controlled . and wh1ch : 'h be 1maged us1ng the normalr

. A
_ optlcal system of the 1nstrument. The spec1men Wlll be. a

- . o - . L . . . .
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film or'settion of'the'material that we wish to study;

. some of lta characterlstlcs w111 be dlscussed later in the

sect

ion

3;2; The spectrometer is placed after the spec1men,”

as .

electrons.

is

shown

in:_flgure 3.1, .to_‘analyze ~ the -transm;tted

All the 1nformat10n that 1s ‘obtained about the sample

:contalned in the angular and energy dlstr1butlon of the. ‘

electrons that. haVe passed through the spec1men..By studylng ‘

thes

the

information,

e,_dlstrlbutlons,'resultlng from‘the-lnteractlon betweenn

incident _electronse‘andf'the 'sample,b"the | required‘

bjmeaSUred ‘The methOd'used- to‘ carry - out the.'analy51s .is

descr1bed in the section 3 3 Finally,'inhthefsectlon_3,4fweht'7

s

,g1ve

A recorded spectra are. shown in sectlon 3.4 as well.

some

detallsblof _the experimental proceduretp Some’

3 2 SAMPLE PREPARATION

There are. many cond1t1ons whlch the ideal sample should‘j

fulflll (1. e.,‘ﬁave a clean surface,'vb homogeneous, etc)v'

.and'

respect to some of them. The ?most obv1ous requirementx'iSf"‘”

most

preparatlon _methods. 1nvolve a_ comprom1serw1th

spec1men be» transparent to»electrons (w1th andwr

_ that the
_f w1thout an ob]ectlve aperture in place) li-other words, o
‘-that the spec1men be th1n enough for an electron m1croscope g

1nvestlgatlon.x~~7»V’.fa-ﬂ”'

“To

M

perform energy loss ,exper1ments"we 5equ1re th1n :

P

unlform fllms or sect“ons of known thlckness.:~The ,spec;men”

relating to 1nelast1c cross- sectlons can be
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" Figure 3.1 Typical EELS system (Egerton -1982).
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o thlckness should in general satlsby the relatlonshlp t<k.n/2
) (Zaluzec 1980) where k.n is the total mean free path for“
1nelast1c scatterlng and t the spec1men thlckness, wh1ch for

__‘__BOReV—incrdent—eiectrons_and——a——typlcai——sample——conta1n1ng—-f—f—

llght elements (Z<30\ 1s in the range 20- 60nm. _

‘3.2, 1 VACUUM EVAPORATION

» Th1n carbon fllms were evaporated on m1ca then floated
' }off, on. the surface of - dlStllled water, by d1pp1ng them

' under 'the water and plcklng them up on'3-mm dlameter copper

grids (150 mesh per 1nch) These-carbon;f ms were ‘used to

suoport th1n polycrystalllne metailfc‘ fllms whlch ‘were'.
prepared by evaporatlon ‘in vacuo at a. base pressure of about
0-5 Torr."' f11m thlcknesses'iofﬁ 33nm Alum1num,,28nm f.

Chromlum 24nm Iron,vand 48nm Copper were measured u51ng

-quarthcrystal thlckness monltor 51tuated near the electron "I
:'mfcroscooe . grlds. Because | accurate,»~f11m B thlckness J;;Qf;
I measurements are_ of crUC1a1 fmportance in the present work

[see eqf (3 2)] the quartz crystal mon1tor “was prev1ously

caidbrated by 1nterferometry-(see,nextfsectlon)I :

PR P . s )

"3.2. 2 THICKNESS MEASUREMENT BY INTERFERENCE MICROSCOPY

":One'f_ofi'7the 1mportant appllcatlons wofffthe nght;f
Interference Mlcroscope (LIM) ’isietheg_measurement of‘.the' T

‘ thlckness ‘of”vf;lms by determlnatlon of the helght of. the
::Tvstep made by the edge of ;ther fllm' when formed fon kan

Aoptlcally smooth substrate. -



3
Th general arrangement shown 1n flgure 3 2 prov1desr.

.the productlon of 1nterference bands in a LIM. The .l1ght

from a thallium lamp, after it has been made parallel by the

“lens, is Spllt in a beam spllttlng’ Prlsm.b A part .of. the:'
hllght falls on the M1rror, the other part on the Test Objectl
(TO) The llght from both the error and thef TO is.
| .reflected back to the beam spllttlng Prlsm There the rays
are agaln unlted If one obseé;és from p01nt A then one can ;‘
ascertaln' 1nterference phenomena. 1f the Mirror and the ‘TO
3 are. equ1dlstant from the Prlsm and 1f they are not prec1sely
"iperpendlcular tto.h each -other,’_then fone sees parallelj*
1nterference frlnges.(sée'figure13 3a)“'The5e'frlnges result
'from_vlnterference ofh waves whlch delayed from.oned
_fanother by half a wavelength So the' thlckness 1nformatlonj.
o is obtalned by multlplylng the 1nterference band shlft inh
j-fractlons of the_band_glnterval, _by,,halfv; h‘f vavelength,‘

t-(NZ)(band intel’Va]_) R (31)

: ,TheL band 1nterval is: taken as the dlstanre from band mlddleh"
;to band mlddle, the Shlft is- the'"helght“ of the step_ made“l
'by the ,'edgeam(see 1£ig. 3 3a) and ,jori thallzum hllght4
'T,k/2?0r27yum;f PRESE R v.: . S ‘ |
N .‘Vhen measurlng th lem thlckness us1ng a LIﬁ 1t is.
'fde51rable to have as sharp edges as p0551ble.‘ifor' metalllcj_?

.fllms,, one method whlch was found qulte satlsfactory 1s to

;grow the fllm w1th a step, by u51ng a su1table evaporat1on
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A °
oS

"Figure“,352;Afgeneral,experimgntai arrangement for producing.

1tihtérfgrence fringés SR ;"\,f'
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'mask such a’s aenarromxstrip of metal or a thin microscope
cover glasslfnUslngr"this" method ‘to form the step, thick
metallic’fllms (of”fthe elements studled) *that could be

Sowoh

_measured__by_lnterferometry_nere evaporated whlle observ1ng

‘>and recordlng the. change in frequency of the- quartz:crystal
'th1ckness" monztor.‘ The . fllms °v}ere. grown fon ‘standard
4m1croscope slldes, then mounted on the table of the 'LIM; A
prlcture‘ of the frlnges observed is- glven in flgure 3 3a. In
flgure 3. 3b we show (as an -example)» the: quartz oscillator
“calloratlon 'curve .ffor Copper, assumlng the thlckness
pred1cted bv the eq. (3. 1) and Copper ,dens;ty- p=8. 9g/cm3
For  the ;other ‘elements..studled 151milar -results were
'; obtained.dﬁ'. | o l | |
3.3 COLLECTION AND ANALYSIS OF AN ENERGY LOSS SPECTRUM

‘ToA characterlze " “the 1nteract10ns ofuvthef 1nc1dent'

: ielectrons and [thel samplé 'we collect all the transmlttedu
'Cgelectrons lylng w1th1n a cone of some seml—angle_.aillin'~a:
':CTEM thls angle is llmlted by an ob]ectlve aperture located:'
»'.on the back focal plane of the 'object1ve lens) about ;the','
'ol1n¢1dent beam dlrectlon,; and then analyze these ‘for thelrhl
~ energy loss;, The ,result ;that lae.'obtaln from :such 'an"v
-experlment ;ls lanl energy4loss"spectrumC(PLS) 1n whlch we. -
plot the transm1tted 51gnal 1nten51ty I ‘as a functlon of thel
yenergy loss ;E ‘f‘r- all the electrons scattered w1th1n the

angular cone a accepted by the-uspectrometer. .Flgure 3'4]0

shows schemat1cally an ELS The spectrum con51sts of
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N cal1brat1on curve for the quartz-crystal th1ckness mon:tor._f
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~ Figure 3.4 Schemaﬁi¢  Energy%Lossf_SpéctrUm'l(a)‘éhows,the'

.lcw-ioss region and a characteristic.,edée (b). shows tHe;
. , _ v i ! s HHE

'4.afeas I,(a,d) and I,(a,A).
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v

(1) -Ab_sharp peak at E= 0 representlng the elastlcally

scattered and unscattered electrons from the 1nc1dent beam.ﬁb

(one normally refers to thls as. the zero loss peak)

(2) A broad peak in the range Ee10 to 40eV 1nd1cat1ng"

.»energy' ‘7loss hdue to excitation - of plasmons or
-valence- electron transltlons. ThéSe‘two peaks lie-'in the
}'reglon of the spectrum known as the low loss reglon.‘
;L_)< An abrupt rrse.:in{ the transmltted : 1ntenSityt
representing excitation of inner shell electrons to- vacantg
“states in the continuum.'Thlsrrlse, in the h1gh—Ioss reglon;-
"of “the spectrUm takes place above an energy loss equal to‘
the blndlng energy Ek, where k. is the type. ofx-lnner. shellm

- exclted (keK,' L, M, etc ) Ek be1ng character1st1c of each

4element in the‘perfodic=table‘of-elements,»-

3.3.1 .'ME’ASU.RE‘_MENT OF IONIZATION ."P'AR'TIA.L' CRoss'—-SEc'rroNs.ﬁ
bfhe_excrtationledges in the ELS are “normally dUSed' to
"A1dent1fy the presence of a glven element w1th1n the area of
utspec1men deflned by the;.lnc1dent beam of'velectrons.va ft‘
b;quantltatlve est1matlon, g1v1ng the number N‘of atoms of the‘
element per unlt'area of spec1men, is obta1ned from the area‘
’I'(u:A) measured d1rectly under an exc1tatlon edge,‘after
extrapolat1ng and subtractlng the background whlch precedes?'
'the' edge (see flg 3. 4b) In such a case,'the formallsm due.‘

f’ o Egerton (1978a) can be used to obtaln the concentratlon N'x

- of a- glven element di.e.,



. 1[Ik(°‘ A)] Lo (3.2)
.G I axA) (J(a A) ‘ :

he%e I (a A) is an area measured from the low loss reglon of

"thek spectrumv (see flg. ‘3. 4b) and ok(a A) 1s a partlal

o cross sectlon of the element‘ correspondlng ‘to 1nner—shell5
losses between Et andv E;+A. The factor G allows for anydat
d;fference in the detector ga1n between th low- and ;hef
‘ hlgh energy reglon of. the spectrum.'i B

A There are two methods, d1rect and -lndlrect'a in'*whichhx

<q0"“< 5

éd;'.»(3 2) ,fcan’-be‘ used obtaln partial ionization
SH . : : A S

cross sectlons. ’Th d1rect method (used Afof“"elements) -

'-1nvolves knowledgej of the concentratlon N per un1t area of;,

the spec1men. ‘This: quantlty 1s known 1f ‘one takes -t h bulklh
den51ty ‘p of the element and assumes a spec1men thlckness t

51nce N 1s related to the concentratlon per unlt volume n by

o N;nt pNot/A where A 1s the atomlc welght of the constltuentfﬁff-5

atoms and No the Avogadro\s number. Knowlng N 1t is p551ble—

—

tbf'fobtaln “ the" partlal cross sectlons from<;the same‘f,

\r

measurable quantltles mentloned above [1 e., Ik(a A) 'andj""

I (a A)] eu_lndlrect- method (used f' st01ch10metr1c(

compounds) assumes,‘ accordlng to ‘the stoxchlometry, 'the

w

. relatlve -abundace N /N2 of two elements 1n a compound «In.f

thls case the ratlo of two partlal cross sectlons _akl(a A) :

._and akz(a A) can be obta1ned 1f two exc1tatlon edges in thelnf

same specﬂ%um are measured under the same condltlons,: i.ev;

| ,wrth ' h;f same;kqviand A -I (a A) and G 1n eq (3 2) cancelv"

“giving .
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gl M myEn (3.3
O) (a,A).b N; ..Ikz(a;A) '

Td{ g N

. where .Ik1(a A) and Ikz(a A) are the guantltles to 'be,g,_;

——m——measured__ln_“the ELS__It is 1mportant to p01nt out that the 'fﬂ

1'j'ratlo N /Nz'ls 1ndepegd5pt of the spec1men th1ckness.

Measurement of A\eas 1n the. ELS The area 1, (a A) under .Tﬁihv

‘the low~ loss energy reglo of/fhe pectrum :i. obtalned by

:j‘_stralghtforward suhmatlon ;nof‘jth channel counts. eForr

'h_measurements on 1nner shell 1onlzatt n. edges, the background»ff :

ﬁ.due to other loss processes has to be stripped The generalff

- P ks | S
i@metgod for background %*rlpplng is_ deflne_ before 'the;J

: f_threshold energy Ek a flttlng reglon of 1nterest,_or flttlng”'"'

_nwlndow, Whlch 1s typlcally 50 to 200 eV W1de and where 4a"

Tpower_.lau~ AE (Egerton 1975) 1s adJusted to the data To7¢f7

:determinetA and _ wé have ,used the folowmg~ formulae]

‘(Egerton 1980) lhh‘rfelhdﬁfﬁ'ith: "{lij‘;.1”;5ff;?“l‘ﬂ<5bh?h“y

A - (1410 - r>/<El Togln o 3

Y _z'1§g(ri'/i2?>/_isg(jtz‘/r-l) S s )

h'where the f1tt1ng w1ndow [E,,E ] is d1v1ded iﬁ‘ t o hai&es;ﬁ*.f

2f(see‘ f1g 3 5)vof respectlve 1ntegrals I, and Iz. Once the S

‘7rhff1t 1s made, the power law AE* *'s extrapolated under thehﬂ.ft

thcharacterlstlc edge (see flg. 3 5) up to few hundreds of eV R

. The area I (a A) 1s then evaluated u51ng the relatlon

+A .,._1v LT e Th', (3 6)?fi:-v‘

RS (a o= J(E)dE i [(Ek 't ;‘ﬁl-; »

B



 [Eeb

B of_’backg.rovu:ﬁd’_"f\it't:i;ﬂg,“ _‘(‘-Egefi:‘oijf 1980). -

£2
[

e r=2 log(I1/Iz)/l09(Ez/E1)

T ‘
‘,1“ 1, .

.-m“_‘irv.—:‘.".‘\.;”‘ . | )

_~Figure 3.5 Schematic ELS, illustrating measurement of areas

© for use in'eg. (3.2) and the method, described il the text,

R an L

I «8=] JEdE- -i—’_\?',f(f;—:ka)"r-E;r]v o

A= (T, fIzv>(_1-r‘)‘/fE%'r'-E11 R
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3 3 2 MEASUREMENT OF TOTAL INELASTIC Qii?S SECTIONS

The area’ Io under the zero~loss peak relatlvé* to cthe

N

e
o

total ‘area ITunder the energy loss spectrum can'bewused:fOr

measuring-the total flean free path for 1nelast1c ‘scéttering

'_ the equat1on'

Xﬁn;'according .

| L (3.7)

t _ ) B . ) ]

= lrt(IvT_/‘IO) : _
in : A o ,

ﬂlIf the thlckness t- 1s known one ian'find Nin by ﬁeaSUring=Io

_“and.IT. These two quantltles are obtalned by stralghtforward

.summatlon onf the channal counts correspondlng %o- thel

€.

,~J»..

zero- loss peak and to the total spectrum (typlcally recordedﬁ

- up fto 2000eV for analy51s‘ of llght elements) The totalt )

1nelast1c cross sectlon per atom 1s found u51ng the relatlon _

‘—1/nk.n,'-where n 1s the concentration of atoms per un1t
. (& L _ - .
volune of spec1men. i

. s L
e f

3 4 EXPERIMENTAL DETAILS

The experlmental system for recordlng the energy loss

spectrum has been descrlbed prev1ously (Egerton 1979). This_"

con51sts'of5a JEM 100B transm1551on electron mlcroscopeE B

comblnedlunlth -a, custom made magnetlc spectrometer (Egerton”
1978b) U51ng the electron "mlcroscope .in ;the* d1ffract1onf“

' mode,' a. spot dlameter of about 14uﬁv75t” BOkeViiprimary =
electrons 1s 1nc1dentfion. the spec1men. The ’transmitted‘
electrons lylng in"a cone of'some w1dth @ are focussed on

L5

f‘tﬁe,;QbJeCt planej:of_»the »spectrometer. by Ameans;fof lannfu

Z,intégmediate;g~'lens - of . the microscope operated - in. 7. -

e

S




Q:QM“h-resolution ddiffraction"'.mode (in” ‘this mode Lftheff.f“

'projectorb~lens is'Switched-off). The: electron spectrometer

produces__lts__energy__drspers1on___by___apply1ng___to 'the‘;‘

transmltted electrons a magnet1c fleld Spectra are recorded;gy‘

by scannlng the ex1t beam ‘of”.the spectrometer across an.. .

adjustable Sllt located ‘at . the spectrometer 1mage planeggtd
caus1ng electrons of a partlcular energy loss to fall onto ai!”
transm1551on phosphor screen w1th a’ resultlng voltage at thef{[f
',output of the photomultlpller tube. ;‘,fc“‘fg uf: |
'lIrw the present experxments,-objectlveiapertures;(OA)i

}

.subtended-scatterlng angles (a) of 6 1y 8-96 and‘13'65 mrad
g

’»were measured u51ng an Alumlnlum dlffractlon standard whose S

diffractlon pattern_»(DP) fwas recorded -on h“an: electronff
"micrograph; flgure 3}6; The . radlus, ‘thli' of each r1ngf
{pappearigg;in;the DR»;s_giyen» by BT (l o

Rxi =3 -

 where the dlffractlon constant of ‘the microscope #ij R

"(k electron wavelength L effect1ve dlstance of the spec1men_

'from the screen or plate),fis found oy mesurlng R klth

- directly on the DP (flg 3;6?f The dlstance,vvdh'k1 ;*betweenh-;'"$

4;7_f!.3acent planes whlch have dIffracted the electrons‘laéaff:m

~originated- th- ings in”‘the DP is found u51ng the -
' -relationship t. - :ubio‘ tructures,f 5?“?31» Alumlnum
_crystalizes in.cubicAsystem} i.e., E L “.l‘ —
S . w.“’ N o e .' o . _j’ B . - . A -,
k1 (h2+ kz IZ)xfz TR
RPN ' X .
D

(38)



" . . y -
- k R ¥
' - v > »
e ’ -
L T .
X ° : 2
. ' N <
Ry ©

» . . - T . . : S

" Figure 3. 6 Standard dif fvi-ai;t‘ién : pattetn of an Alumnum film
_used ‘to calibrate ' the objéctive apertures of the JEM.100B .

.. ‘- microscope. -

Sl .
-
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a is -the crystal cube edge and h k, and 1 are the Mlllerf'
1nd1ces. To estlmate a, the objectlve apertures are 1nserted .

‘.and centered thus ~super1mposed on: the Alumlnum DP and

recorded on photographzc plates' by measurlng thel radlus ﬁ'

of :the apertures, ve are ‘able to f1nd a by means of ‘the

h;elationshlp,_

(3.10)

R
R ] )
s

’

'jThe « values mentloned above’farev actually averageS“-frOm

_three dlfferent callbratlon experlmentsu

o \’It is: 1mportant to p01nt out that the Carbon f11m used .

:for supportlng the metalllc fllms, contrlbutes to the ELS
"_‘Thls contrlbutlon is .. d1rectly .reflected 'in ;the absol_r

value' of 't the total 1nelast1c cross sectlon."So, 1t

ﬂnecessary to make correctlons vforf thlS contrlbutlon.”'The-f"““'"

"factual quantlty that we measure (see sectlon 3 3 2) 1s due

M. : . "~L..

~fp‘to Both the metalllc ano Carbon fllm. If we', (measure (1n;=aﬂ

'.zl*separate _exper1ment) the same quantltles on a Carbon f1lmwfx”

a ‘tne de91red (corrected) quantlty is g1ven by

S v 301

- (x )v_ge;_al;ie- fila ° ~<”’\m> metallic fi;m v(y_ki‘n )Carbon R

R in on Carbon

using thif

“"metalllc
- ,total in lastzc cross~sect10n is. obtalned s' descrlbed 1@n}9:
,‘sectln 3 3.2. fv* _”'ﬁ'f_d‘f‘;,ffff:f'ﬁgffﬁ“éfdfi "

The spectra are acqu1red 1n 1024 channels, of a TN 1710di'

relatlonshlp to make correctlons for thosef";;”n'

fllms u that :e* supported by Carbon,‘fthekf‘

fMultlchannel Analyzer (MCAXJ us1ng a typ1cal dwell tlme (thep_ﬁhj7:

=
R



tlmd for wh1ch the data is stored‘ in each channel)'_0f'

"'approxlmately ' 40~’msec. ‘After acquisition the data.ﬁiS“

“ulprocessed-w1th the heip of . a TN—1JT7' Floppy‘ diSk‘ memory

.system l(used for recordlng spectra, and loadlng the systemjpi,'

huoperatlng program when necessary) This is controlled by “a

']'Texas Instruments Sllent 700 data termlnal whlch contalns“”

jan alphanumerlc keyboard and a 51lent prlnter. In flgure 3. 7_

recorded spectra are. shown-‘for;tthéﬂ dlfferent elementsf

“’~analyzed The experlmental 1nelast1c cross sectlons W1ll be'

Y glven in Chapter IV for comparlson w1th the theoryfpresentedU

'.1n Chapter II
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';”\ Flgure 3 7 Re°°fded SPECtrum from (a) a 33nm thxck Al lem,'-""'

(b) a 28nm thlck Cr lem, (c) a 24nm th1ck Fe fxlm, and (dif;,:__,

a 48nm thlck Cu fllm..,.~ e  :”    . } o -



CHAPTER IV

COMPARISON BETWEEN CALCULATED AND EXPERIMENTAL

‘ caoss SECTIONS e J'/”

4.1 INTRODUCTION”

‘In Chapter II the different models 5for calculatlng'

”1nelast1c cross sectlons were’ presented In thlS Chapter we .

‘w1ll compare the results of_ calculatlons -based on ,these-

.‘Qg}g

lfmodels;"wlth experlmental measurements carried out for

' 'selectedielementSJ(l.e.,jAl)-Cr, Fe;dand Cu)l

7_r4 2 PARTIAL IONIZATION %ROSS SECTIONS

The cross sect1on for exc1tatlon of atomic”'electronsV

=

':from the K- shell 1n Al and from the L shell in Cr, Fe, andﬂ_.‘.

‘Cu is shown, as a functlon -off_the collect1on angle, ‘in

:._flgures 4.1" tO“j4.4. 'In these flgures)llthef hydrogenlc

'jcalculatlons are compared w1th experlmental measurements.;"
. For all the elements studled the experlmental measurements'

-“show, w1th1n ¢he experlmental standard dev1at1on, a -51m11ar

Artrend- s:”the hydrogenlc calculatlons.' Thls ~51m11ar1ty' !‘3

fv1nd1cates that th hydrogenlc model predlcts well fthehT'T:

angular dlstrlbutlon: of the scattered electrons wh1ch have'f;_;

”exc1ted 1nner shell atom1c electrons._A, 51m1lar comparlson‘“

; w1th the Hartree Slater calculat1ons 1s not p0551ble, due to~t

Ajthel laCK_,¢f publ1shed data._v However, hfthe» angularf

;’distributlon predlcted by the Hartree Slater model can be:

A o

-~

Gieos0 0

iy vf'obtalned from eq.-(2.12) thlS equatlon shows that d‘a/dEdQ;*
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is 'proportional to 1/9’+9"'(where ‘ g =E/2Ec and’ 6 the’

-

scatterlng angle) By 1ntegrat1ng d’o/dEdQ over 'a unit' of

‘f'dsolld angle dQ kf can be’ seen that do(a)/dE is proportlonal

:ito ln[1+(a/6 ] In fact thlS results from small angle-

‘ approx1matlon 'Wthh can be jUStlfled because we are in the .
.'dlpole reglon (momentum(transfer hK= 0) Calculatlons carrled'

;'out‘ for Al showed that the Hartree- Slater model pred1cts a

similar, angular ,d;strlbutlon asrrthat predlcted,.by ithe

o -

' hydrogenic ]dnodel ‘;ﬁ flgure 4. 2 , compareb,a'.single'

“calculation based thlS _model with- theg- experiment‘
ﬂAgreement is closer“than w1th the’ hydrogenlc value,,whlchf'

' may be a result of the ‘more . accurate wave funct1ons used for g’
'calculatlng the GOS.
' Flgures 4.1f*to» 4;4 show the part1al  lonization

~vcross sectlons : (for K shell exc1tatlon'i' ~-Al ' L-shell

Ps

’Wexc1tatlon in Cr, Fe, and Cu) 1ntegrated up to two dlfferent,;

. energy w1ndows A 100 and 200eV In these flgures we comparefﬁv

E the hydrogenlc calculataons w1th the experlmental data.’fonf
e the-':o. hand p7§he' experwmental ivalues do n‘tg_lieﬁb

’;con51stent1y below or above 7£ﬁe; values‘ predlcted by

frfhydrogenlc calculat1ons: (cf flgures) ThlS 1ncon51stencyf_?f_hn

S

: ican be attrlbuted to the fact that the hydrogenlc model doesfufﬂ“'f

predlct 'well the shape of the_edge near the threshold g?f' |

fFor example the L edge for Cr shows a¢ sllght peak . ?thé-p{ffu'

: threshold (see flg ,3{7)vswh1ch éﬂ presumably due to?fw

exc1tatlon 'off'electronS' from ot e‘ 2p—subshell i”to'fdthef{

:'-'-’-Partlally fll]_ed 2d subshell ; ThlS - peak at the thres-’hold,'_;."—‘.-;:-

s ot .
S gt .- Sl . -
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”

contributes to ‘the partial ionization crossisection, so we "
' expect  the exper1mental measurements to lie above the
hydrogenlc‘ calculatlons, as observed in flgure 4 2. For the

other elements studled (i. e. Al Fe, -and Cu) the edges;'are

| notf peaked :atdfthe threshold (see‘ flg. . 3.7) and ‘the
experlmental values 11e below the hydrbgenlc calculatlonsl
l’That is, ‘the hydrogenlc model predlcts sllghtly h1gh values
for the cross- sectlon. On ‘the ‘other hand when. _.the" partlal
Clonlzat1on7 cross- sectlons ;fer L- shell_ exc1tatlcnﬂv(both
;exper1mental and hydrogenlc) are 1ntegrated up-to an 'energyv“

-.w1ndow A=200eV the agreement between the,experrment and .

';;ltheory hecomes better (see ‘figure 4 2 to '4;4); “The

disagreement Hfor small energy’ window (A<200eV)_might bev

'fpredicts.‘too large ‘_ cross- sectlon-”near3 the edge, the

L]

‘“;“program Lsed for calculatmng the cross- sectlon"for“ L‘Shéilﬁ

”?exc1tat10n adds jan; extra energy dependence to the GOS
:vbring 'this in ',tcfi agreement w1th . X_:aY”’ absorptlon’_.'

.measurements. 'IIfj‘this"mod1f1catlon 1sl_notfﬁexact, 'the

‘e#pected: 51nce the hydrogenlc ‘model in its basic fﬁorm-n;g

ol

B percentage error is less for larger energy wzndow. For thef,_f5

felements..studled ﬁhe hYdrogenxcvmodelaagrees.',wlthln the R

“'lexperlmental standard dev1at1on,'w1th the- experlment for Tanffqrw

energy w1ndow A= 200eV S *ﬁ‘"-:‘;'i :_‘Al': . $§1‘~
It is relevant to pOLnt out that the error bars “shown
. 'along with the. experlmental Values represent" ‘thei

expereggntal standard dev1at10n calculated from 10 ‘Separate!

0 . -

‘~¢ameanrements_'dn' each element studled.u"In-addlthnﬂ it'is

. . . .
S . oo
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,importaht to  discuss possible sources of systematic error
which could affect our ;results. First, there "may be a
.systematlc error ariSing from ,the thlckness measurement.

ThlS error is est1mated to be about 5%. Secondly,‘error »may

a

arise both ' from the ‘instrument  itself -and‘.from_'the"
.experdmentaliprocedure;}’ |
" The  instrumental contribution bdepends on’ . two
7ekperimental barameters ihvolved in‘OUr'measuremehts.h*Thesej
;'are-»ther acceleratlng”voltage and the collectlon semi- angle_»
. One .error assoc1ated w1th "the’ accelerat1ng voltage tis‘
u1nstab111ty of the h1gh voltage supﬁly, however, drlft would
:}be detectable by the spectrometer. ‘Another effect iS‘ that

~ the value Eo may be dlfferent from\*he stated value. The

'=itcontr1butlon due to o depends on" the uncertalnty f]"the

f;measurement~ _of ad? 1tself ‘and lalso fon: the part1cular'
;exc1tatlon of the objectlve 1ens{nrn;:¢ﬁf ‘situat1on,' where
'l;th’ spec1men ‘1s properly focussed and the f£ilm spec1men is-
~'.--always at same h1gh (as observed from theb focus current)
.thls contr1butlon is- malnly due to. callbratlon error and 1s

'estlmated to be less than 10% The procedural error depends.

h\on:‘the; quantltatlon formula [eq (3 2)] used for carrylnghi'

'fout the analy51s. ThlS formula underestlmates contrlbutlons d'"

from Bragg scattered electrons jUSt out51de the OD]eCtIVe’

-

aperture (whlch contlbute to- 'characterlst;c-edge',51gnal

‘and not . Eo”?th low loss regioh)rtIﬁ:extreme»caSes, this - -

proqeduralberror may.be-aS»hlgh'as“zo%‘(Egertoh 1978a) .
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4 3 TOTAL- INELASTIC CROSS- SECTIONS

In fiqures 4. é and 4.5b the total-inelastic

- Pcross-section based ;on_'the Lenz theory and .different

expressions for R (the effective radius of the atom) is

-shown, as 'a_ function “of the atomic, number (z), -,for

To-

'compariSOn w1th the experlmental data (all the experlmentalx°

" .
-collectlon semi- angle a=8. 96mrad) .

data was obtarn'

“-fao;, the;ielémefts? ; " the experlmental values do not

agree con51§ten £ 4 he” experlmental error) with any'

:5_°f these curve ;f»l‘;l};.. o .'..ft. - "g ‘°

S HoWever, the expev ental'value for Cr agrees well with

the calculatlons done u%lng R- Z'”3 and R (/3)aoZ"’2, thisv

good agreement could be Pecause these expre551ons for R are.

o -

based on data calculated for Cr."

For Cu, three of the calcﬁlat’ons give values -fairly;f

\

- close to the exper1menta1 one (see'flguren4 5)"However,fallf~
the calculatlons shown 1n thlS flgure predlct .too» large an
cross sectlon f Al Thls large dlscrepancy 1s attr1butedg~.

to. soljd state effects wh1ch are extreme 1m % case - like ~ Alf;'

(see dlSCUSSlOH below)

On the other hand the experlmental value for Fe"lies

abowe-lthe calculated values. ThlS hlgher measured value 1s{

presumably due to-an’ oxlde contrlbutlon,k51nce ‘Fe' ox1d1zes“

A

very ea91ly The effect of an. ox1de would be to 1ncrease thev"'

: measured Cross- sectlon, by ean amount dependlng ‘on the,ié*“

’ thlckness of the oxlde laYe?-if

ey E
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<

All‘ these Lenz model calculatlons predlct a. dlfferent
Z- dependence, but all reflect the ‘shell-‘structure of _théf'

atom,: which can be clearly seen from figure 475 (CF;-change

in slope from 7=2 to 3, Z—10:to 11- etc) - We believe that

:Kthe] dependence of the total 1nelast1c CEoSs™ sectlon on the

atomic number (z) should ‘be - predlcted most .accurately by o

"calculat1ons which use the expre551on R= aof(O)/ZZ '51nce the

lZ depﬁndence predlcted by these calculatlons is very s1m11ar_f'

@
to . that. predlcted by more sophlstlcated calculatlons (cf

Hartree Slater calculatlons ‘in. flgure ‘4. 6)

"In flgure .4{6' the cross sectlonsvgtor -inelasticJ

‘scattering, based on the Plasmon and Hartree Slater models,'h'

are shown as .a -functlon of' ‘the atomlc number (Z) for
" comparison hAWith _the exper1mental :‘measuremenfs.; gThe,=4.m»

y‘ekperimental values for, Cr,vFe, and Cu are all greater than

*

T predlcted by Plasmon calculatlons, whereas for AI thlS model‘;;

'glves the best agreement. ThlS good agreement is nodoubt
"because Al 1s more llke a free electron metal than the otherp

‘"‘metals, gas can be seen from the fact that tne experlmentalf”

o, . '_

’plasmonvvenergy (16eV) ,i S approx1mately equal to:- thatf_

predlcted by the free electron plasmon theory (15 8eV) or. -
,r?the other elements 5the energy dlfference » apprec1able}
< - . \

© (eng. for o - 18 5 .and 27 _év',' for Fe 16,7 and 236V

-

',respectlvely) S0O- we mlght expect 'theg crossﬂsectlon to be*
rglven more‘ accurately by the Hartree Slater model as,lan
"fact 1s observed in flgure 4 6 ‘aFor Al thef_experrmentalg*

'value,‘:fs f‘af_ factor,‘“'f 32.6 less than‘ pgédictedffby N

B



Hartreetslater‘r'calCUlations. This largefxdiscrepancy is
‘rprobably due ,to_,sol1d state effects, 'whach Shift v'the_
.?pf-ﬁosc1llator strength to hlgher energy loss. ThlS Shl;t can be_

seen ~from the fact that in a 51ngle Al atom ythe_ 1onlzatlon

e
f4f"_f_energy is—5v 99eV_—whereas 1n“the solld—the plasmon“energy—ls—"~—4-
‘bw.'irapprox1mately 16eV3 The?' energy . Shlft decrease54 the‘h.
- cross-sectlon, ?Since- da/dE 1s proportlonal to (1/E df/dE [
' ¢%.feq,”(2;3)l;-th_~iy | o
-’A4 s CONCLUSIONS AND SUGGESTIONS FOR FURTHER wonx -
» | In th1s sectlon some conclu51ons.yo£“ thlS thesis{‘arel’” “
'Lsummarlsed andwsugéestlons made as to how the work presented»iﬁ”%
. ‘could e contlnued _- BERRREA .
; Compar1Son vbeg;een the hydrogenlc model.and experlment49nf5

“‘Qflndlcates.that,for all “the Felements@’studled thel former*:'

ot

v;predactsy.wellf'the angular dlstrlbutlon of the scattered e

'.electrons_whlch have exc1ted 1nner shell atomlc electrons.

'Althoughf these measurements were carrled out only for a fewiat

elements, hyeﬁ_mlght expect Slm1lar 'results »for{h‘otherjfx{
W”yeélements.” The comparlson also 1nd1cates that the hydrogenlc,,in”'

model ‘is'_ less ' accurate y'for;:" calculatlng L shell_FQ

.cross sectlons"ﬁithn low.ienergy w1ndows (A<200eV) ' Thls,.:ﬂ"
'ifyjdlscrepancy between theory and exper1ment may be-due to bothfﬁ'

'fatomlc and Solld State flne» structure 'near the edge.,OniT?,vh

ba51s of thedpre nt experlmental results thlS effect
. TS o
ffound to be less f a lﬁrge energy w1ndow (A 200eV)

S

¥
.
S

ST o R R cT .



~

.lt would -beﬁ 1nterest1ng to extend the @&udy to other“

elements l1ke T1 and N1

to complete thebnstudy of 'the”'3d

tran51tlon _metals. Also- it would be useful to carry out

»_measurements .on :their-

frs—rdlfferent*sol1d—state—f1ne structure than the metals.

Comparlson between

'ﬂtotal 1nelast1c cross- sect1ons and experlment 1nd1cates that‘

‘o

ox1des, whlch have a

respectlv”,

the dlfferent models forbcalculatlng

no 51ngle model predlcts well he cross—sectlon. However,

,the cross sect1on for metals whose valence losses are malnly ’

due to 51ngle electron tran51tlons should be predlcted .more

"accurately by atomlc models. Furthermore, for: metals (like

i'.“

, lAl) whose valence losses'”aref'malnlv} dué‘ to collect1vef.

i e
L exc1tatlons,n;

L3

'}ii‘accurately"byvthe plasmon free electron theory

R4

he Cross-Section should - be predlcted more._9~t

[P

: Lt: would be 'useful ;to~'extend the study tolothérw'

"ffree electron metals (llke Mg, Ca, and ln) to test the above

)

Af"fstatement. It 1s also necessary to extend the experlments to

.‘,:"‘—"‘ ‘

ftest the‘aqcuracy of the atomlc models.

& A

»Becausef the Hartree Slater calculatlons are presumably.“

"more reallstlc, we would expect best predlctlons from these»

'Vfcalculatlons, butfron;

-
e

%

“Vjﬂterestlng ’to carry
.; (e. .q. T1, Co, N1, etc)

fextend measu*ements to

' w1th total 1nelast1c cross sectlons.g ';.l :1.-,\4

"'?»results,, thlS cannotf

out~ measurements for othé? elements

Also 1t “would- be advantageous _to

L
LR S

fba51s aofo_the present experlmental‘f,.

fbef conflrmedu o ,Qitfi would be

'hlgher o toagngble dlrect comparlsonii



For estlmatlng the local‘?hlckness t of a spec1men,. by
‘ : PR RN A
means . of eql (3. 7) it would be convenlent to have.a model
S : “ : \1 !
_w___for calculatlngmthewrequlredumean_free__path__for_w#nelastLo/ _

‘scatterlng £n the ba51s of the present experlmental results“

l Ne——lae

£ .
)the mean free path for free electron metals (e g._ Mg, Ca,s

Sn,"ngl and- Rb) can, 1n pr1nc1ple, be estlmated ‘using
. L. . & Do .

'ﬂthe plasmon free electron theory. For elements llke Cr, Fe,

In,

I8

7fb_and Cu f,h mean free path be estlmated u51ng “the
. ’* . 1&'.,.‘_‘11 ‘
Hartree Slater or the Lenz model with R=aof(0)/2z A However.b ' ;

v

' v o.in many cases (e g. compounds and organlc substances) it is.

-

'7V“not obv1ous whlch model 1s more. approprlate. ‘LnT this case'

‘Tg{ionej must rely on*experlmental measurements of the 1§?léstrc‘

S U P

oy
A,

(fwmean free path
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